Introduction
Immunosuppressive or cytotoxic medications continue to be the main method to control alloreactivity following hematopoietic stem cell transplantation (HCT). One area of active study is the development of nontoxic strategies that exploit natural immunoregulatory pathways to facilitate posttransplantation immune reconstitution without causing graft-versus-host disease (GVHD) (1) (2) (3) . This includes donor graft engineering to select or enrich for immunoregulatory populations.
Tregs are a T cell subset that can regulate immune responses. They are defined by high surface expression of CD4 and CD25, low-level expression of CD127 (IL-7R), and intracellular expression of the canonical BACKGROUND. In preclinical murine and early clinical studies of hematopoietic cell transplantation, engineering of donor grafts with defined ratios of CD4 + CD25 +
FoxP3
+ Tregs to conventional T cells (Tcons) results in the prevention of graft-versus-host disease and improved immune reconstitution. The use of highly purified primary graft Tregs for direct cell infusion has potential advantages over impure immunomagnetic selection or culture expansion, but has not been tested clinically. We performed a phase I study of the timed addition of CD34-selected hematopoietic stem cells and Tregs, followed by Tcons for the treatment of patients with high-risk hematological malignancies.
transcription factor FoxP3 (4, 5) . Several murine models and initial clinical studies have suggested that enriching donor grafts with donor Tregs could improve HCT by facilitating immune reconstitution and reducing the risk of GVHD while retaining graft-versus-tumor (GVT) effects (2, (6) (7) (8) .
Different strategies to enrich for Tregs in donor grafts have been tested in patients. One study in haploidentical transplantation used donor Treg enrichment by CD25 + microbead selection, with results suggesting the approach both was safe and appeared to facilitate GVT (6) . Enrichment of Tregs with this strategy has variable cell yields, and the product was partially purified, which could potentially limit the options for additional modification of Tregs to enhance efficacy, such as transient or permanent genetic modification. To investigate the safety and feasibility of highly purified Treg graft engineering, we developed a tandem selection strategy using immunomagnetic selection and high-speed flow cytometric sorting to select CD4 + CD25 + CD127 lo Tregs for infusion. A major question in the field of Treg therapy is to determine the sufficient dose of Tregs needed, especially in relation to the treatment of different disease states. In the case of HCT, since patients receive intensive chemotherapy or radiotherapy that is both myelo-and lymphodepleting, it has been suggested that relatively few Tregs could have a large effect as compared with other clinical contexts. In murine models, mice generally receive a 1:1 ratio of Tregs to conventional T cells (Tcons), but the dose equivalent per kg of Tregs is much greater than is feasible through purification and enrichment of graft Tregs alone. Further, in the lymphodepleted environment, Tregs expand rapidly (9) , and by infusing these cells prior to Tcons, a strategy that can be readily employed in the setting of allogeneic HCT relative in vivo expansion of Tregs can be accomplished. In murine models, this strategy resulted in improved immune reconstitution (9) .
In trials using defined ratios of Tregs to Tcons, recipients receive a smaller number of T cells and accompanying graft cells than in normal standard-of-care grafts. Trials evaluating whether doses obtainable by purification alone provide evidence of clinical safety, sufficient immune reconstitution, or efficacy help to clarify whether alternative strategies may be required in HCT or other clinical contexts. Alternative strategies include ex vivo cell expansion; in vivo cell expansion through, for example, IL-2 supplementation; or genetic modification of Tregs. Early reports on the use of third-party in vitro expanded cord blood Tregs also suggested this approach was safe in HCT; however, there is significant cost associated with cell expansion, and third-party cells may not persist in recipients (1, 10, 11) .
We report interim results of our phase I dose escalation and early phase II dose extension study using this graft engineering approach for patients with high-risk or active hematologic malignancies undergoing allogeneic myeloablative HCT from a human leukocyte antigen-matched (HLA-matched) donor (Figure 1 ). While this is seemingly a simple question in Treg therapy, during the implementation of this phase I/II trial and in part due to early results leading to further preclinical studies by our group and others (6, 7), our results suggest that cryopreservation and thaw prior to infusion may not be as successful a strategy as the use of fresh Tregs in the HCT setting. The present results suggest that donor graft engineering with defined ratios of fresh Tregs to conventional CD3 + T cells is both safe and feasible.
Results
Patient demographics. Table 1 shows the primary disease and disease status of patients at the time of HCT. All recipients had high-risk or active disease, including acute myeloid leukemia (n = 5), acute lymphoblastic leukemia (n = 2), refractory non-Hodgkin lymphoma (n = 2), myeloproliferative disease (n = 1), chronic myeloid leukemia (n = 1), and myelodysplastic syndrome (MDS) (n = 1). Dose escalation. Figure 1 shows the conditioning and GVHD prophylaxis schema, before and after protocol modification (occurring after the fifth patient treated; further protocol schematic in Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.127244DS1). The Treg dose escalation was established as the ratio of Tregs to Tcons, with the initial cohort target dose of 1.0 × 10 6 Tregs/kg and 3.0 × 10 6 CD3 + Tcons/kg in the first cohort of 3 patients. Since GVHD was observed in one patient, according to the predefined dose-escalation plan (Supplemental Figure 2) , the group underwent expansion to an additional 3 subjects at a Treg/Tcon ratio of 1:1 of 1 × 10 6 Tregs/kg and 1 × 10 6 Tcon/kg. Since no dose-limiting toxicity was observed in these additional subjects, the target dose was escalated to 3.0 × 10 6 Tregs/kg and 3.0 × 10 6 CD3 + Tcons/kg. After no dose-limiting toxicity was observed in 3 additional patients, the maximally tolerated target dose was established, which was also the maximal technical dose of Tregs that could be obtained from 2 apheresis collections, and an additional 3 patients were accrued at this dose level. In patients in whom achieving 3 × 10 6 Treg/kg was not feasible, the cell dose achieved was administered. insight.jci.org https://doi.org/10.1172/jci.insight.127244
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Donor graft and Treg properties. Tregs were purified from G-CSF-mobilized products by immunomagnetic selection (CD25 + ) on the CliniMACS Plus System (Miltenyi Biotec), followed by flow cytometric cell sorting on an Influx high-speed cell sorter (BD Biosciences) by gated selection of the CD4 + CD127 lo population. For a representative analysis of cells collected after CD34 + selection, CD25 + cell selection, and CD4 + CD127 + cell sorting analyzed for CD4 and FoxP3 expression, see Figure 2A . As shown, high-purity Tregs were obtained. These cells were highly suppressive in the mixed lymphocyte reaction ( Figure 2B and Supplemental Figure 3) . All subjects at the 1.0 × 10 6 /kg Treg dose received this target dose of Tregs; however, not all subjects received a target dose of 3.0 × 10 6 Tregs/kg. Table 2 shows the cell dose yields of subjects, with a median of 2.5 × 10 6 Tregs/kg administered (range 2.4 × 10 6 to 3.0 × 10 6 Tregs/ kg). Median Treg recovery was 67% (range 50.7%-87.8%), and median Treg purity was 94% (91%-96%), based on FoxP3 + expression by intracellular cytokine staining. All but one patient achieved a CD34 + dose greater than 2.0 × 10 6 cells/kg with a median dose of 3.9 × 10 6 10 6 cells/kg (range 1.2 × 10 6 to 15.9 × 10 6 ). Treg infusion, engraftment, and relapse. Treg infusions were completed on day 0 for all patients. No infusion reactions were observed. All 12 of the subjects achieved primary full donor engraftment; however one subject receiving the lowest dose level (1.0 × 10 6 Tregs/kg and 1.0 × 10 6 CD3 + Tcons/kg) with high-risk RAEB-2 MDS had secondary graft failure. Including this subject, neutrophils reached 1.0 × 10 9 /l at a median of 11 days (10) (11) (12) (13) (14) (15) (16) . Platelets reached 50 × 10 9 /l at a median of 16 days (9-25; Supplemental Figure 4) . Although there was a limited number of patients, there appeared to be no differences between dose levels. Prior to protocol modification, three of five patients treated achieved a complete remission (2 of whom remain in remission more than 1 year at the time of writing of the manuscript). Following protocol modification, 5 of 7 patients achieved a complete remission (4 of whom remained in remission more than 1 year at the time of writing), and no acute or chronic GVHD was observed.
Posttransplant complications, GVHD, and infections. Patient outcomes are shown in Table 3 . In the initial patient at a Treg/Tcon ratio of 1:3, acute GVHD grade III was observed. Therefore, the ratio was readjusted according to the protocol to 1:1 at a dose of 1 × 10 6 /kg for both Tregs and Tcons. Of the first 3 subjects treated at this dose level, 1 case of acute GVHD was observed (grade III). An additional 2 patients were treated at this ratio. One additional patient developed acute grade I skin GVHD. All cases of GVHD were steroid responsive. Preclinical murine modeling demonstrated that Tregs that undergo cryopreservation have some loss of in vivo function due to shedding of CD62L, which is critical for lymph node homing (10) . Therefore, the protocol was modified to use only fresh Tregs and Tcons and to include low-dose single-agent GVHD prophylaxis with sirolimus, since this agent has been shown to be protective of Tregs. In those clinical situations where the risk of sinusoidal obstruction syndrome (SOS) could be increased with sirolimus, low-dose tacrolimus was substituted. Following protocol modification, no additional cases of GVHD were observed in the subsequent 7 patients, although one had transaminitis and was treated for possible hepatic GVHD with a short course of steroids. However, the transaminitis was determined most likely related to a number of possible medications that were changed at the same time, with quick resolution of the transaminitis and no elevation of total bilirubin.
A total of 11 patients achieved survival greater than 6 months and could be evaluated for chronic GVHD. At a median follow-up of 481 days (range 212-1887 days), 2 of the 11 subjects, both of whom were in the initial protocol cohort, developed chronic GVHD. Both had prior grade III acute GVHD, and chronic GVHD manifestations were limited to skin and responsive to steroids. After protocol modification, no patients in the second cohort had developed chronic GVHD at the time of writing of the manuscript.
After protocol modification, 1 patient who underwent busulfan and cyclophosphamide conditioning and received sirolimus for GVHD prophylaxis had mild SOS and was treated to resolution with defibrotide and supportive care. Eleven of 12 patients experienced mucositis (4 with grade I, 3 with grade II, and 4 with grade III).
Posttransplantation immune reconstitution. In order to evaluate immune reconstitution in patients enrolled in this study, we identified a comparison standard-of-care control cohort of 5 concurrent patients who received myeloablative HCT and who had no acute or chronic GVHD or relapse. Using flow cytometry, we quantified immune cell subsets from frozen and thawed PBMCs at standardized time points after HCT ( Figure 3) . Patients in the initial cohort showed relatively poor T cell, B cell, NK cell, and Treg reconstitution compared with patients treated under the modified protocol or standard of care. This evaluation of immune reconstitution was influenced by both the small patient numbers and the fact that most patients in the initial cohort received systemic steroids for proven or suspected acute and chronic GVHD.
Patients treated on the modified protocol with fresh Tregs appeared to have generally comparable immune reconstitution in T cell, B cell, NK cell, DC, and monocyte populations as compared with standard-of-care controls without GVHD (Figure 3 ). In contrast, the absolute number of iNKT cells was significantly lower in the first 6 months in both the initial-and modified-protocol patient cohorts when compared with controls ( Figure 3 ; 2-tailed Student's t test, P < 0.01). 
Posttransplantation Treg reconstitution. Using flow cytometry, immune reconstitution in terms of percentage and absolute value of Tregs following HCT appeared to be comparable in patients treated with fresh Tregs on the modified protocol and in standard-of-care controls who had not developed acute or chronic GVHD (Figure 3 ; 2-tailed Student's t test, P = 0.01). Phenotypic characterization of Tregs by flow cytometry showed no statistical differences in the expression of the surface receptors CTLA-4 (CD152), PD-1, CD62L, CD45RO, and FoxP3 (Figure 4 and Supplemental Figure 5 ). This was confirmed by mass cytometry (CyTOF), with the additional observation that there appeared to be no increases in intracellular IFN-γ or TNF-α expression ex vivo and without stimulation.
In order to assess TCR repertoire reconstitution of the Treg compartment following HCT, we used FACS to purify CD4 + CD25 + CD127 lo Tregs from patients on approximately day 90 after transplant. Between 2700 and 48,000 Tregs were isolated. Using RNA as a template, T cell receptor repertoire sequencing (TCR Rep-Seq) was performed. There were no statistical differences in the diversity of Tregs following either the standard-of-care or the modified clinical trial protocol ( Figure 4C ).
Discussion
Preclinical murine studies have demonstrated that engineering the donor graft with defined numbers of Tregs and Tcons may improve HCT outcomes by preventing GVHD and enhancing immune reconstitution (2, 3, 11) . In these murine models, GVT effects were maintained possibly through Treg control of alloreactive T cell proliferation, without interfering with Tcon activation and function (2) . We aimed to translate these observations into the clinic.
There are several features of our study notably differing from other studies exploring the biological role of Tregs in allogeneic HCT. First, we utilized highly purified populations of Tregs isolated by immunomagnetic cell isolation and high-speed cell sorting. Tregs are rare cells, constituting approximately 1%-4% of peripheral blood lymphocytes. We obtained highly purified Tregs in excess of 91% FoxP3 expression in all cases, with the upper limit of Treg dose that can be reliably obtained after 2-day collection being between 2.5 × 10 6 and 3 × 10 6 Tregs/kg. Our early results would suggest that this dose of Tregs is sufficient in the setting of myeloablative conditioning to have an effect in immune reconstitution.
The majority of studies in the literature using Tregs in the clinical realm are in the haploidentical or cord blood transplant setting. Our study is the first to our knowledge to use HLA-matched donors, which are the most commonly utilized donor recipient pairs in the HCT setting. In this study, only HLA-matched sibling donors were included. However, moving forward, patients with an available sibling or unrelated donor will be eligible.
A third differentiating feature was the clinical data obtained regarding the use of fresh as compared with cryopreserved cells. During the course of this clinical study, investigation of murine and human Tregs at our center and others clarified that cryopreservation and subsequent thawing of Tregs resulted in cleavage of CD62L, which is critical for in vivo Treg function (12) . The experience of our first 5 patients, who received cells thawed at bedside and showed manifestations of GVHD and overall signs of impaired immune reconstitution, is consistent with reduced functionality of Tregs. These results necessitated a change in our clinical manufacturing to the production and infusion of fresh Tregs.
A major finding of our study is that the use of fresh Tregs and low-dose single-agent immunosuppression resulted in no acute or chronic GVHD following myeloablative HCT, in contrast to our initial trial participants, who received cryopreserved Tregs. However, due to the small number of patients treated, it is not possible to make definitive conclusions. Sirolimus is the preferred low-dose single-agent immunosuppressive therapeutic, as this drug has been shown to be permissive of Treg function in vitro (12) . However, we had 1 case of SOS in a patient conditioned with busulfan and cyclophosphamide. Following this SOS event, only patients conditioned with total body irradiation (TBI) were eligible to receive sirolimus; otherwise low-dose tacrolimus was substituted. While tacrolimus is known to adversely affect Treg function, the early results of this trial suggest that it can be used effectively in combination, at least in the HCT setting. The combination of tacrolimus with methotrexate is one of the most commonly administered GVHD prophylaxis regimens. The removal of methotrexate GVHD prophylaxis can be beneficial, with the potential for less mucositis, earlier neutrophil engraftment, and less risk of organ damage or long-term risk of secondary malignancy. It remains to be tested whether inclusion of immunosuppressive drugs is necessary when utilizing fresh Tregs.
We observed no obvious impairment in graft-versus-leukemia/tumor effects in trial patients with a high degree of disease burden, all of whom had high-risk and often refractory hematological malignancies, although the numbers included in this trial were small. A trend toward enhanced GVT effects has been 
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suggested in other clinical studies of Tregs and Tcons (13) . We saw few viral infections, such as CMV reactivation or end organ involvement, in our treated subjects, and EBV reactivation was not observed.
Four of 5 patients treated on the initial protocol demonstrated acute GVHD, with 2 patients demonstrating clear histologic and clinical diagnosis of grade III disease, further suggesting that the cryopreserved Tregs have compromised function. Two additional patients had grade I skin GVHD with nonspecific histology, and 1 additional patient was noted to have transient rashes not attributed to GVHD. All of these cases were early in their HCT course, and patients with grade I GVHD and rash could be considered similar in nature to descriptions of early posttransplant inflammation or engraftment syndrome or GVHD. Notably, we saw no classically confirmed acute or chronic GVHD in the 7 patients enrolled on the modified protocol with fresh Tregs. The historical rates of 37.2% acute and 58.0% chronic GVHD were observed in our concurrent standard-of-care population with matched related donors (n = 168).
Immune reconstitution appeared robust in those patients treated on the modified protocol. CD4 + T cell reconstitution was brisk, with patients recovering more than 200 CD4 + T cells/μl by 60 days after transplant (Figure 3) . Treg phenotypic and TCR repertoire reconstitution was comparable to a cohort of concurrent (Figure 4) . Our results suggest that there is effective Treg reconstitution with graft engineering. In contrast, patients who received cryopreserved Tregs had impaired immune and Treg reconstitution, but this could be confounded by age, low initial cell doses, steroid dosing, and other factors.
The lack of invariant NKT (iNKT) cell reconstitution in patients receiving engineered Treg grafts suggests that reconstitution of this immune cell subset in the first 100 days after HCT may depend upon iNKT cells being present in the donor graft. Given the potential importance of iNKT cells as positively correlated to better HCT outcomes (15) and interaction with Tregs, future efforts at graft engineering might include this subset specifically, especially as they may act synergistically with Tregs (15) .
Our studies might indicate that ex vivo expanded Tregs may not be needed in the HCT setting, or if they are used, they could be used effectively in relatively small numbers. Likewise, the present graft engineering study lays the foundation to develop strategies to genetically modify Tregs or other graft constituents that could facilitate GVT while preventing GVHD and infectious complications (8, (16) (17) (18) (19) . HCT is used in other contexts outside of cancer therapy, including combined organ and HCT transplantation to induce immune tolerance to organ grafts. One potential application is the incorporation of Tregs into HCT to augment donor chimerism and tolerance (20, 21) . The feasibility of this approach is steadily increasing with accumulating evidence, such as provided in this study, demonstrating the safety of Treg graft engineering. 
In summary, this study demonstrates that high-purity enrichment of Tregs can be accomplished on a clinical scale and that fresh Tregs are preferable in the HCT setting. Preliminary evidence shows that this approach is feasible and results in low rates of acute and chronic GVHD using HLA-matched donor-recipient pairs. Further, the doses of Tregs and Tcons have been defined for subsequent clinical studies of larger numbers of patients.
Methods
Study design. The primary objective of the study was to determine the efficacy, safety, and feasibility of administration of Tcons and Tregs using a T cell-depleted graft; the maximum tolerated dose of infused Tregs and Tcons; and 1-year event-free survival (EFS) after HCT. Safety was assessed as any grade II or greater serious adverse event (SAE) attributed to treatment, and specific dose-limiting toxicity was defined as acute GVHD greater than grade II; grade IV neutropenia lasting to 28 days after HCT; and grade III-V cytokine/release syndrome/acute infusion reactions.
Inclusion criteria for enrollment were as follows: acute leukemia (primary refractory, CR1 with minimal residual disease-positive [MRD-positive] or high-risk features, beyond CR1), chronic myelogenous leukemia (accelerated or blast phase), MDSs (Int-2 or high-risk), myeloproliferative disorders, lo Tregs at day 90 after HCT for patients on the modified protocol (n = 7) versus standard-of-care controls (n = 5). *P < 0.05 and **P < 0.01 respectively, Mann-Whitney U test, between control patients and patients on the modified protocol. Error bars represent mean ± SEM.
non-Hodgkin lymphoma with poor risk features not suitable for autologous HCT, age ≤60 years, availability of an HLA-matched related donor, and no prior myeloablative therapy or HCT.
The original clinical protocol schema and modified schema are shown in Figure 1 . In alignment with previous preclinical and clinical studies, Tregs were administered with the donor graft 2 days prior to Tcons (2, 6) . After accrual of the first cohort of 5 patients on the original protocol, GVHD was noted, and preclinical studies demonstrated that cryopreservation of Tregs adversely affects function (11) . The protocol was amended to utilize fresh rather than frozen Tregs and to introduce targeted-dose single-agent tacrolimus (4-6 ng/ml) or sirolimus (6-8 ng/ml) GVHD prophylaxis.
Conditioning regimen and supportive care. The clinical protocol supported the use of different myeloablative conditioning regimens depending on the disease characteristics of enrolled subjects. For acute leukemia, high-risk CML, MDS, and myeloproliferative disorders, conditioning included fractionated TBI (fTBI; 1320 cGy, fractionated over 4 days), VP16 (60 mg/kg, as a single infusion), and cyclophosphamide (60 mg/kg, as a single infusion); or busulfan (3.6 mg/kg q24 initially, infused over 4 days, with targeting to busulfan level of 800-900 nM) and cyclophosphamide (60 mg/kg, per infusion over 2 infusions). For non-Hodgkin lymphoma, conditioning consisted of carmustine (300 mg/m 2 ), VP16 (60 mg/kg), and cyclophosphamide (100 mg/kg).
Subjects on the original protocol received no GVHD prophylaxis; however, after protocol modification subjects could receive either tacrolimus or sirolimus, based on preclinical evidence that sirolimus facilitates Treg function. Following 1 case of SOS in a subject with BU/Cy conditioning, sirolimus GVHD prophylaxis was restricted to subjects with TBI-based conditioning.
Infectious disease prophylaxis consisted of 400 mg acyclovir tid po (for 1 year), single-strength Bactrim (day 30-60), and ciprofloxacin 500 mg bid po (day -2 until engraftment). Viral surveillance via quantitative PCR was performed for EBV (every 2 weeks) and CMV (weekly) starting on day +14 until day +100.
Graft engineering for CD34 + HSCs, Tregs, and Tcons. Donor cells were obtained from volunteer donors by apheresis at Stanford Health Care after 5 daily doses of 10 mcg/kg rhG-CSF (Neupogen, Amgen) using a continuous-flow cell separator (SPECTRA; Cobe BCT). Two consecutive apheresis collections were performed on days 4 and 5, and the cell products were combined. CD34 + cells were collected using either the Isolex 300i (Baxter healthcare) or the CliniMACS Cell Selection System (Miltenyi Biotec). The CD34-reduced (flow-through) fractions were retained and used for isolation of donor Tregs. For cell selection, clinical-grade reagents were used under good manufacturing practice conditions within the Blood and Marrow Transplant Cellular Therapy Facility. CD25 + cells were then selected from the CD34-depleted fraction using bead purification (Miltenyi Biotec). Tcons were obtained from the negative fraction, and the positive fraction was used for Treg purification. CD4 Immunological flow cytometry and CyTOF studies. PBMCs from BMT patients with or without preinfusion of Tregs were recovered from liquid nitrogen. PBMCs were washed with MACS buffer and stained with a pan-PBMC panel or Treg activation panel at 4°C for 1 hour. After washing with MACS buffer, the stained cells were fixed with 4% formaldehyde at 4°C overnight. Flow cytometric analysis was performed on an LSR II, and data were analyzed by FlowJo software. Viability staining was performed using 0.5 μM cisplatinum (Fluidigm, catalog 201064) for 5 minutes at room temperature. Cell surface antibody master mix was prepared and filtered through 0.2-μm filters. Cells were resuspended in the master mix and incubated for 30 minutes. Cells were washed and incubated in the fixing solution prepared in accordance with the manufacturer's recommendations (eBioscience, catalog 00-5523). The cells were fixed for 1 hour at room temperature, washed, and then incubated with intracellular antibody mixture in permeabilization buffer (eBioscience, catalog 00-5523) for 1 hour.
Treg TCR receptor sequencing. For TCR repertoire analysis, Tregs were enriched from PBMCs of patients by a 2-step isolation procedure: CD25 + cells were isolated from PBMCs using CD25 MicroBeads II (Miltenyi Biotec) following the manufacturer's instructions. After staining with anti-CD3 (OKT3, BioLegend), -CD4 (OKT4, BioLegend), -CD8 (RPA-T8, BioLegend), -CD25 (BC96, BioLegend), and -CD127 (A019D5, BioLegend) antibodies, CD3 + , CD4 + , CD8 -, CD25 + , and CD127 dim cells were isolated, lysed by TRIzol Plus reagent, and stored at -80°C.
We used a 5′ RACE methodology using modified gene-specific primers in the TCRA or TCRB constant region. The purified 5′ RACE PCR products were processed to make sequencing libraries using the KAPA Hyper Prep kit. Sequencing was performed using an Illumina MiSeq reagent 500-cycle V2 kit by paired-end 250 × 2 cycles. The paired-end reads from the MiSeq were submitted to MiX-CR (https://milaboratory.com/software/mixcr/) for TCRA and TCRB rearrangement analyses. The unique CDR3 amino acid sequences (CDR3 clones) for each sample were summarized based on the MiXCR results. Single-copy CDR3 clones were removed. The frequency of a clonotype was calculated by the copy number of the clonotype divided by the total number of copies of all clonotypes in a sample. Bioinformatics processing and further analytics were performed using the Stanford Sherlock supercomputing cluster (https://www.sherlock.stanford.edu/) and customized analysis platform.
Statistics. For statistical comparison of groups in different analysis, we used the 2-tailed Student's t test, with significance assessed at P < 0.05.
Study approval. This study included 12 patients with high-risk malignancies who had HLAmatched sibling donors ( Table 1 ). The study was approved by the Stanford Institutional Review Board (NCT01660607) and FDA investigational new drug (IND) 14686. Written informed consent was obtained for all patients and donors consistent with the Declaration of Helsinki.
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